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Abstract

The circumventricular organs (CVOs) are specialised neuroepithelial structures found in the midline of the
brain, grouped around the third and fourth ventricles. They mediate the communication between the brain
and the periphery by performing sensory and secretory roles, facilitated by increased vascularisation and the
absence of a blood-brain barrier. Surprisingly little is known about the origins of the CVOs (both
developmental and evolutionary), but their functional and organisational similarities raise the question of the
extent of their relationship. Here, | review our current knowledge of the embryonic development of the seven
major CVOs (area postrema, median eminence, neurohypophysis, organum vasculosum of the lamina terminalis,
pineal organ, subcommissural organ, subfornical organ) in embryos of different vertebrate species. Although
there are conspicuous similarities between subsets of CVOs, no unifying feature characteristic of their
development has been identified. Cross-species comparisons suggest that CVOs also display a high degree of
evolutionary flexibility. Thus, the term ‘CVO’ is merely a functional definition, and features shared by multiple
CVOs may be the result of homoplasy rather than ontogenetic or phylogenetic relationships.
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Introduction

Our brain is continuously communicating with the rest of
our body and hormonal signals play an important role in
this communication, in particular in homeostatic and adap-
tive-regulatory processes. However, the shuttling of larger
molecules such as hormones between the brain and the
periphery is tightly controlled by the blood-brain barrier
(BBB; Abbott & Friedman, 2012). Specialised neuroepithelial
structures called circumventricular organs (CVOs), which are
grouped around the third and fourth ventricle along the
midline of the brain, allow for the regulated exchange of
hormones and other molecules between the bloodstream
and the brain (Fig. 1A).

CVOs can be secretory, such as the neurohypophysis/me-
dian eminence, the pineal gland and the subcommissural
organ (SCO), or sensory, such as the area postrema, the
organum vasculosum of the lamina terminalis (OVLT) and
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the subfornical organ (SFO). Although CVOs are function-
ally and morphologically diverse, they also share a range of
common features: as their capillaries are fenestrated, they
lack the BBB that is characteristic of the rest of the central
nervous system, they tend to comprise specialised neuroglial
cells (pituicytes, tanycytes) and they provide an interface
not only between the bloodstream and the brain, but also
between brain tissue and the cerebrospinal fluid in the ven-
tricular system of the central nervous system (Joly et al.
2007; Guerra et al. 2015; Kaur & Ling, 2017).

This raises the question whether the term ‘CVO’ is purely
a functional classification, or whether there are underlying
genetic relationships between different CVOs. In this essay |
will review our current knowledge of (i) the embryonic ori-
gins of the CVOs and their molecular specification and (ii)
their conservation between different species. The neurohy-
pophysis has received considerable attention as a compo-
nent of the endocrinologically important pituitary gland
and the pineal organ as a model for brain asymmetry in
zebrafish; however, far less is known about the formation
of the area postrema, OVLT, SCO and SFO.

The neurohypophysis/median eminence

The neurohypophysis forms the posterior lobe of the pitu-
itary gland (hypophysis cerebri), a pea-sized structure that
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Fig. 1 Topographic anatomy and embryonic origins of the CVOs. (A) Mid-sagittal section of a human brain; view of medial surface, anterior points
to the left, superior to the top. The cerebral cortex is coloured in dark grey, the corpus callosum, septum pellucidum, fornix, dorsal and ventral
diencephalon, brain stem and cerebellum are shown in white, and the walls of the ventricles in light grey. Sensory CVOs are highlighted in light
green, secretory CVOs in dark green. The adenohypophysis (AH) is shown in purple. (B) Schematic depiction of the neural plate of a vertebrate
embryo with the approximate positions of the progenitor domains of the CVOs indicated; anterior points to the top. The telencephalon (Tel) is yel-
low, the diencephalon (Di) orange, the midbrain (MB) red and the hindbrain/spinal cord (HB/SC) purple/brown. The notochord is shown as a grey
line along the midline that ends in an oval, the prechordal plate. The basal, alar and roof plates are outlined. The presumptive location of the zona
limitans intrathalamica is indicated with a dotted line. The surrounding non-neural ectoderm is shaded in blue. ANB, anterior neural border; AP,
area postrema; Hy, hypothalamus; ME, median eminence; OVLT, organum vasculosum of the lamina terminalis; PO, pinal organ; SCO, subcommis-

sural organ; SFO, subfornical organ.

protrudes ventrally from the hypothalamus via the stalk-like
infundibular stem. The anterior lobe of the pituitary gland,
the adenohypophysis, originates from the roof of the sto-
modeum (oral ectoderm) and is therefore non-neural. The
median eminence, a small swelling that is often regarded as
a CVO in its own right, is found at the interface between
the ventral hypothalamus and the infundibular recess
(Figs 1A and 2C). The mature neurohypophysis receives
axons from magnocellular neurons in the paraventricular
and supraoptic nuclei of the hypothalamus, and it releases
the hormones oxytocin and vasopressin. By contrast, the
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adenohypophysis is controlled by peptide hormones that
are released from hypothalamic neurons close to the med-
ian eminence and then transported to the anterior lobe of
the pituitary gland via a system of vessels called the pitu-
itary portal system. The pituitary gland is a major regulator
of growth, homeostasis, metabolism and reproduction, and
its functions have been studied and reviewed in countless
publications. For the purpose of this review, | am going to
focus on key steps in pituitary development. | will consider
the neurohypophysis and the median eminence together
because they emerge in direct proximity and are thus likely

Fig. 2 Embryonic development of the pituitary gland. Schematic diagrams representing the interactions between, and morphogenesis of, involved
tissues (based on Treier et al. 1998). Neural tissues are shown in yellow and green, non-neural ectoderm in blue and purple, the embryonic axes
are indicated (A/P/D/V). (A) At embryonic day (E) 9.0 in the mouse, the ventroposterior-medial hypothalamus (infundibulum, inf, dark green)
expresses BMP4, FGF8 and FGF10, which induce Rathke’s pouch (rp, adenohypophyseal placode, purple) in the underlying oral ectoderm. The
infundibular signals are antagonised by SHH from the anterior hypothalamus. (B) At E10.5, Rathke’s pouch has started to evaginate dorsally and
the infundibulum ventrally. At this stage, cell fates are patterned in the pouch by opposing gradients of FGFs from the infundibulum and BMP2
from underlying mesoderm. SHH from surrounding tissues promotes proliferation of the pouch. (C) At E12.5, the pouch has budded off from the
stomodeal roof, forming the progenitor of the adenohypophysis (AH). The neurohypophysis (NH) is connected to the hypothalamus via the
infundibular stalk. The median eminence (ME) forms the area around the infundibular recess (ir).
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to share a large number of developmental mechanisms,
and because they are connected to form a functional unit
(Szarek et al. 2010; Davis et al. 2013; Clarke, 2015).

During embryonic development, the neurohypophysis
appears as a localised outpocketing of the floor of the
hypothalamus. Fate mapping studies in chick, frog, mouse
and zebrafish identified progenitors of the hypothalamus
in the centre of the anterior neural plate (Fig. 1B; Couly &
le Douarin, 1985; Eagleson & Harris, 1990; Woo & Fraser,
1995; Cobos et al. 2001; Staudt & Houart, 2007). The pre-
chordal plate, a mesodermal midline structure at the ante-
rior end of the notochord, lies just beneath this region, and
ablation and transplantation studies in chick embryos
demonstrated that the prechordal plate is a signalling cen-
ter that is both necessary and sufficient for the induction of
the hypothalamus. The signalling factors responsible for the
inductive activity of the prechordal plate are Sonic Hedge-
hog (SHH) and Bone Morphogenetic Protein 7 (BMP7) (Dale
et al. 1997; Pera & Kessel, 1997). For example, Shh mutant
mice lack all ventral brain structures including the hypotha-
lamus and pituitary gland (Chiang et al. 1996). The home-
obox gene Nkx2.1 is a target of SHH signalling in the
ventral forebrain and an early marker of hypothalamic dif-
ferentiation, and genetic ablation of this gene in mice also
results in absence of the pituitary gland (Takuma et al.
1998).

After the hypothalamus has been induced, it is patterned
by overlapping signals: the ventroposterior region (in-
fundibulum) produces BMP4 and the Fibroblast Growth Fac-
tors 8 and 10 (FGF8/10). These signals induce Rathke’s
pouch, the precursor of the adenohypophysis, in the under-
lying oral ectoderm (Fig. 2A; Ericson et al. 1998; Takuma
et al. 1998; Treier et al. 1998). Because of this inductive role,
the infundibular region has been suggested to function as
an ‘organiser’ of pituitary development (Davis et al. 2013).
Whereas BMP4 appears to be the inducer of Rathke’s pouch
proper, FGF8 and FGF10 seem to be more important for its
survival and expansion (Takuma et al. 1998; McCabe et al.
2011). A hypothalamic domain of SHH expression is found
anterior to the infundibular BMP/FGF domain, and these
two groups of signals mutually restrict their expression
(Fig. 2A; Treier et al. 1998). Conditional ablation of Shh
function from the hypothalamic neuroepithelium leads to
anterior expansion of the BMP/FGF domain and a concomi-
tant anterior displacement of the neurohypophysis,
whereas posterior expansion of Shh expression results in
pituitary hypoplasia (Zhao et al. 2012; Trowe et al. 2013).

Rathke’s pouch is induced in the oral ectoderm that lies
beneath the infundibular organiser. Its progenitors can be
traced back to the non-neural ectoderm just anterior to the
early neural plate (Fig. 1B; Couly & le Douarin, 1985;
Sanchez-Arrones et al. 2015). These progenitors are found
in a horseshoe-shaped domain of ectoderm that surrounds
the anterior neural plate and that is known as the pre-
placodal region which gives rise to a number of placodes,

ectodermal thickenings that contribute to many of the
sensory organs of the head region (Baker & Bronner-Fraser,
2001; Schlosser, 2006; Streit, 2007). Indeed, the ectoderm
that forms Rathke’s pouch is also called the (adeno)hy-
pophyseal placode. Thus, the mature pituitary gland has
both a neural and a non-neural, placodal contribution.

Various homeobox genes are essential for pituitary gland
development. Hesx1 is initially expressed broadly through-
out the forebrain anlage, but becomes restricted to
Rathke’s pouch later on. Mice lacking Hesx1 function dis-
play a range of forebrain defects — consistent with Hesx1's
early expression — including pituitary dysplasia. Strikingly
similar defects are observed in human patients with septo-
optic dysplasia (SOD), and loss-of-function mutations in the
human HESX1 gene have been identified in a subset of SOD
patients (Dattani et al. 1998). The homeobox gene Six3 and
the high mobility group gene Sox2 are also required for
normal pouch formation (Gaston-Massuet et al. 2008;
Jayakody et al. 2012).

The homeobox genes Otx1 and Otx2 are essential for the
development of various structures of the vertebrate head
(Acampora et al. 2000). Otx7 is postnatally expressed in the
pituitary gland, and mice that lack Otx7 gene function dis-
play transient dwarfism and hypogonadism characteristic of
pituitary malfunction (Acampora et al. 1998). Thus, Otx17
appears to play a later role in cell type specification in this
region (like a number of other factors such as Pitx1, Pitx2
and Pit1) (Tremblay et al. 1998). Otx2~/~ mice completely
lack anterior head structures (Acampora et al. 1995; Matsuo
et al. 1995; Ang et al. 1996); however, specific defects of
the pituitary are observed in patients with hypomorphic
OTX2 mutations (Beby & Lamonerie, 2013; Schoenmakers
et al. 2015). A recent study investigating the effects of selec-
tively eliminating Otx2 function from either the oral ecto-
derm or the infundibular neuroectoderm demonstrated a
requirement for this gene in the latter: FGF signalling is
absent from this region in such mice, resulting in severe
hypoplasia of the pituitary stalk and posterior lobe and, sec-
ondarily, of the (Otx2-positive) anterior lobe, consistent
with the proposed role of the infundibulum as an organiser
of pituitary development (Mortensen et al. 2015).

Cell type patterning within the developing pituitary
gland is regulated by opposing FGF and BMP gradients
from the infundibular organiser and ventral mesoderm,
respectively (Fig. 2B; Ericson et al. 1998; Treier et al. 1998).
Shh is not expressed within Rathke’s pouch itself; however,
cellular proliferation within the pouch depends on SHH sig-
nalling, presumably from surrounding tissues (Treier et al.
2001; Wang et al. 2010). Furthermore, multiple Wnt genes
are expressed in this region, but their respective roles have
not been conclusively dissected (Treier et al. 1998; Cha et al.
2004; Potok et al. 2008). A number of transcription factors
have been implicated in the specification of cell lineages
and growth of the pituitary: the LIM homeodomain factors
LHX3 and LHX4, the POU transcription factor POU1F1/PIT1,
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and the paired-like homeodomain factor PROP1 (Li et al.
1990; Sheng et al. 1997, 1996; Wu et al. 1998). Their individ-
ual roles have been reviewed elsewhere (Prince et al. 2011;
de Moraes et al. 2012; Schoenmakers et al. 2015).

Taken together, pituitary gland formation involves an
interaction between the neuroepithelium and placodal
ectoderm. Signals from the neurohypophysis are essential
for the positioning and proliferation of the adenohypoph-
ysis, but there is no evidence of signals acting in the oppo-
site direction, from Rathke’s pouch to the infundibulum.
The finding that some patients with mutations in HESX1
who display severe anterior pituitary aplasia retain a fairly
normal neurohypophysis provides genetic evidence that sig-
nals from Rathke’s pouch are not required for posterior
lobe formation (Sobrier et al. 2006).

The median eminence is a prominence in the midline of
the ventral hypothalamus immediately adjacent to the
infundibular stalk (Figs 1A and 2C). Functionally, it provides
a link between the hypothalamus and the pituitary gland:
it mediates the secretion of the hypothalamic releasing fac-
tors into the pituitary portal system and it contains axons
from several hypothalamic nuclei on their way into the neu-
rohypophysis. The pars tuberalis, a thin layer of cells
wrapped around the pituitary stalk that produce pituitary
tropic hormones, is also often counted as part of the med-
ian eminence. The pars tuberalis expresses melatonin recep-
tors and has been implicated in regulating seasonal
reproductive behaviour (Lewis & Ebling, 2017).

How separable are the neurohypophysis and the median
eminence molecularly? There is evidence that the expres-
sion of thyrotropin-releasing hormone is higher in the med-
ian eminence than in other divisions of the ventral
hypothalamus (Geris et al. 1999); however, genetic mecha-
nisms that regulate a cell fate switch between the neurohy-
pophysis and median eminence remain to be discovered.

The vascular organ of the lamina terminalis
(OVLT)

The OVLT is a sensory CVO involved in osmoregulation that
responds to factors such as angiotensin Il and that regulates
thirst via its connections to the median preoptic nucleus
(Bourque, 2008; Cancelliere et al. 2015; McKinley et al.
2015). OVLT neurons are found within the lamina termi-
nalis, a thin layer of neuroepithelium that forms part of the
anterior wall of the third ventricle (Fig. 1A). In early
embryos, lamina terminalis progenitors can be found medi-
ally in the preoptic area of the anterior neural plate, just in
front of the anlage of the hypothalamus and posterior to
the anterior neural border (ANB; Fig. 1B; Cobos et al. 2001).
Upon neural tube closure, the ANB folds up into the com-
missural plate, a template for the formation of all telen-
cephalic commissures (Suarez et al. 2014). The ANB/
commissural plate also functions as a signalling centre that
secretes several FGFs and that is involved in the patterning
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of the cerebral cortex (Shimogori et al. 2004). Thus, the lam-
ina terminalis emerges between the FGF-secreting ANB and
the SHH-producing prechordal plate/hypothalamus, and
there is substantial cross-regulation between these two sig-
nalling centres (Ohkubo et al. 2002; Storm et al. 2006). At
the same time, BMPs and WNTs from the dorsal midline of
the telencephalon antagonise the ventroanterior domains
of FGF and SHH signalling (Ohkubo et al. 2002; Gunhaga
et al. 2003; Shimogori et al. 2004; Storm et al. 2006).

Homeobox genes important for the formation of the lam-
ina terminalis are Six3, which appears to integrate FGF and
SHH signalling (Lagutin et al. 2003; Storm et al. 2006; Geng
et al. 2008; Jeong et al. 2008b), and the SHH target gene
Nkx2.1, which is essential for hypothalamus and ventral
telencephalon formation (Dale et al. 1997; Pera & Kessel,
1997; Corbin et al. 2003). Taken together, the lamina termi-
nalis is formed under the control of those signals that pat-
tern the emerging telencephalon more generally, but how
exactly the OVLT is established within the preoptic region
remains unknown. In a recent re-evaluation of hypothala-
mic regionalisation, Puelles and Rubenstein (2015) intro-
duced an ‘acroterminal hypothalamic domain’ (ATD), a
medial strip of neuroepithelium that connects the anterior
ends of the floor and roof plates. The OVLT, median emi-
nence and neurohypophysis originate within this ATD.
However, as several other structures such as the optic stalk
and chiasm and the postoptic commissure also form within
the ATD, it is not just a progenitor domain of the
anteroventral CVOs.

The subfornical organ (SFO)

Like the OVLT, the SFO is a sensory CVO involved in
osmoregulation (Bourque, 2008), but it has also been impli-
cated in energy homeostasis (Medeiros et al. 2012; Hind-
march & Ferguson, 2016; Matsuda et al. 2017). The SFO is
located in the dorsoanterior corner of the third ventricle in
the roof plate, beneath the fornix and close to the interven-
tricular foramen of Monro (Fig. 1A). The SFO receives neu-
ronal projections from the hindbrain, and it is also
interconnected with multiple regions in the forebrain
including the lamina terminalis and various hypothalamic
nuclei (e.g. Tanaka et al. 2002a,b).

None of the available fate maps of the early neural plate/
tube includes the SFO, but based on its location in the adult
brain, SFO progenitors would be expected in the roof plate
adjacent to the eminentia thalami, a dorsal subdivision of
the neural tube that is located between the mid-diencepha-
lic zona limitans intrathalamica and the border between
the telencephalon and the diencephalon (Fig. 1B). Consis-
tent with this, the paired box’homeobox gene Pax2, a mar-
ker of the eminentia thalami, is later on also expressed in
the SFO (Fotaki et al. 2008). Pax2-deficient mice display vari-
ous neurological deficits but the development of the SFO
has not specifically been investigated in such mutants
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(Torres et al. 1996). It is likely that the SFO has failed to
attract much attention from embryologists because it differ-
entiates comparatively late in embryonic development
(Castaneyra-Perdomo et al. 1992).

The pineal organ

The pineal organ is a secretory CVO found in the posterior
roof of the diencephalon (Fig. 1A). Historically, it piqued
the interest of both anatomists and philosophers due both
to its central location in the human brain and to the fact
that it appeared to be the only azygous (unpaired) structure
there. For example, René Descartes speculated in his Trea-
tise of Man and his The Passions of the Soul that the pineal
organ constitutes the ‘principal seat of the soul'.

The pineal organ begins to form as an outpocketing of
the dorsal midline of the diencephalon shortly after neural
tube closure (Oksche, 1965). As the pineal organ grows, it
elongates into a thin stalk that carries a pine cone-shaped
body at its distal end, not dissimilar from the stalk-like
attachment of the pituitary gland on the opposite side of
the third ventricle (Fig. 3). The pineal evagination is first vis-
ible as a little knob midway along the anteroposterior axis
of the roof of the diencephalon, but differential growth or
tissue movements lead to an apparent posterior shift such
that, in the mature brain, the pineal stalk appears to be
connected to the third ventricle close to the border
between the diencephalon and midbrain.

In mammals, the pineal organ serves as a neurosecretory
organ that releases the hormone melatonin, thereby modu-
lating sleep, mood, food intake, breeding and sexual matu-
ration in the context of diurnal and seasonal rhythms
(Macchi & Bruce, 2004; Arendt & Skene, 2005). It receives
afferent sympathetic and parasympathetic innervation from
the superior cervical, sphenopalatine and otic ganglia. Fur-
thermore, the retina sends projections indirectly to the
pineal gland via the hypothalamus, thereby relaying infor-
mation about ambient light (Mgller & Baeres, 2002). In
many non-mammalian vertebrates the pineal organ func-
tions as a photosensor itself, and the pinealocytes (the
major cell type of the pineal organ) of these species share a
striking resemblance with retinal photoreceptors; however,
mammalian pinealocytes have lost this photoreceptive func-
tion (Ekstrom & Meissl, 2003). Like retinal photoreceptors,
pinealocytes also express opsins (Peirson et al. 2009).

In zebrafish, the development of the pineal complex has
been studied as a model for asymmetric neurogenesis
(Bianco & Wilson, 2009). However, relatively little is known
about how pineal progenitors become initially specified
early in development. Fate mapping studies in chick and
frog embryos located pineal progenitors in the anterolat-
eral neural plate (prospective roof plate), indicating that
the pineal organ is not really azygous, as has been sug-
gested by Descartes and others (Fig. 1B; Couly & le Douarin,
1987; Eagleson & Harris, 1990). The anlage of the pineal
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Fig. 3 Development of the pineal organ of the rat. Nissl-stained sagit-
tal sections through rat brains at embryonic days (E) 16, 18, 21 and
postnatal day (P) 30; anterior points to the right. Scale bar: 1 mm.
Reproduced from Rath et al. (2013) with the kind permission of
Springer Publishing.

Superior -
‘colliculus

[
\

organ expands anteriorly in zebrafish embryos carrying a
mutation in masterblind, encoding an intracellular antago-
nist of WNT signalling, suggesting that its anterior limit is

© 2017 Anatomical Society



established through WNT inhibition (Masai et al. 1997;
Heisenberg et al. 2001). Thus, the induction of pineal pro-
genitors is governed by the same signals that are known to
pattern the early neural plate in a more global fashion
(Wilson & Houart, 2004; Kiecker & Lumsden, 2012).

Several homeodomain transcription factors are required
for pineal development and most of those are also involved
in retinal development, such as PAX6, OTX2, RAX, CRX,
PAX4 and TBX2B (Estivill-Torrus et al. 2001; Nishida et al.
2003; Foucher et al. 2006; Snelson et al. 2008; Rath et al.
2013; Chatterjee et al. 2014). For example, PAX6 mutations
in humans result in pineal aplasia (Mitchell et al. 2003;
Abouzeid et al. 2009). The homeodomain transcription fac-
tor NOT1 (encoded by the gene floating head in zebrafish),
one of the earliest markers of pineal specification and a fac-
tor essential for pinealogenesis, provides an exception to
this, as it is not expressed in the developing retina (Masai
et al. 1997).

The subcommissural organ (SCO)

The SCO is found posterior to the evagination of the
pineal stalk, anterior to the entrance to the cerebral
aquaeduct and inferior to the posterior commissure
(Fig. 1A). The SCO secretes a number of factors such as
SCO-spondin, the thyroid hormone transporter transthyre-
trin, basic FGF and various high molecular weight glyco-
proteins, some of which are insoluble and form Reissner’s
fibre, a long fibrous aggregate that reaches from the
SCO all the way through the central canal of the spinal
cord (Lehmann et al. 2001; Meiniel et al. 2008; Guerra
et al. 2015). The relevance of the SCO is somewhat mys-
terious but it has been speculated that both SCO and
Reissner’s fibre are involved in water homeostasis and the
regulation of cerebrospinal fluid composition. Consis-
tently, abnormal SCO development has been implicated
as a potential cause of congenital hydrocephalus (Baas
et al. 2006; Meiniel, 2007; Huh et al. 2009; Lee et al.
2012; Ortloff et al. 2013). A role in regulating neurogene-
sis has been suggested for the soluble factors secreted by
the SCO (Guerra et al. 2015).

Classic neural plate fate maps do not include the SCO pro-
genitor region, but based on its location in the adult brain,
one can assume that they are derived from the lateral neu-
ral plate (prospective roof plate) between the pineal pro-
genitor region and the boundary between the forebrain
and the midbrain at the level of the posterior commissure
(Fig. 1B). Unlike the SFO, the SCO develops comparably
early in development — in fact it has been reported as one
of the first structures of the brain to differentiate (Guerra
et al. 2015). Its formation is closely linked to that of the pos-
terior commissure, and there is evidence that the SCO is
required for proper pathfinding of commissural axons
(Grondona et al. 2012). Genes that specifically affect the
SCO have not yet been discovered, but both SCO and pineal
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development are affected in Pax6 mutants (see above)
(Estivill-Torrus et al. 2001).

The area postrema

The area postrema is the only CVO associated with the
fourth rather than the third ventricle. It is a sensory CVO
found at the posterior end of the floor of the fourth ventri-
cle and is involved in the detection of toxins in the blood-
stream, motion sickness, food aversion, nausea and
vomiting as well as cardiorespiratory homeostasis (Fig. 1A;
Price et al. 2008). Similar to several of the other CVOs, the
area postrema has not been mapped in classic lineage trac-
ing studies, but its location in the mature brain suggests
that it originates from the caudal myelencephalon, possibly
from the non-segmented part of the caudal hindbrain
(Fig. 1B; Cambronero & Puelles, 2000).

Very little is known about the ontogenetic mechanisms
that regulate area postrema formation. Hindbrain develop-
ment is governed by retinoic acid (RA) signalling, and the
formation of the noradrenergic neurons of the area post-
rema also depends on this signal. Work in zebrafish has
indicated that the effects of RA in the area postrema are
mediated via induction of tfap2a, encoding a transcrip-
tional activator (Holzschuh et al. 2003). Lmx7b is a member
of the LIM homeobox gene family and is also required for
noradrenergic differentiation in the area postrema (Filippi
et al. 2007). Finally, neuronal area postrema defects are
found in mice mutant for the homeobox gene Gsx2 (Szucsik
et al. 1997).

Transcription factors in CVO development

Neural development is organised by secreted factors that
are released from signalling centres such as the prechordal
plate and by transcription factors that represent a readout
of these signals, endow cells with a pre-pattern, and deter-
mine how cells respond to the next signalling event
(Kiecker & Lumsden, 2012; Kiecker et al. 2016). Transcrip-
tion factors encoded by genes of the homeobox superfam-
ily are key regulators of neural development that function
in a broadly conserved manner across the animal kingdom
(Hirth, 2010; Arendt et al. 2016). As reviewed above, a
plethora of homeobox genes are expressed in developing
CVOs and many of those are required for proper cell fate
acquisition there.

Otx gene function is strictly required for the development
of the pituitary and pineal organ, but Otx genes are
expressed broadly throughout the developing forebrain,
suggesting that at least some of the defects in pituitary and
pineal development observed in Otx loss-of-function scenar-
ios are likely to be due to broader effects of regional mis-
specification (Acampora et al. 1995; Matsuo et al. 1995;
Ang et al. 1996). Nonetheless, pituitary-specific defects are
found in some OTX2 hypomorphic patients (Beby &
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Lamonerie, 2013; Schoenmakers et al. 2015), and OtxT1 plays
a later role in pituitary maturation in the mouse (Acampora
et al. 1998). Furthermore, other genes that belong to the
same subfamily of homeobox genes (the bicoid subfamily)
also play important roles in cell fate specification in the
pituitary gland: Pit1, Pitx1 and Pitx2 (Gage & Camper, 1997;
Tremblay et al. 1998). Similarly, there is an ongoing require-
ment for Otx2 function in pinealogenesis (Nishida et al.
2003), and other Otx-related genes such as Crx and otx5 (in
frog and zebrafish) are necessary for pinealocyte formation
(Vignali et al. 2000; Gamse et al. 2002; Rath et al. 2013).
Furthermore, sustained expression of both OTX7 and OTX2
is found in the SCO of human embryos at later stages of
neural development (Larsen et al. 2010). Collectively, these
findings could indicate a dedicated role for the Otx gene
family in CVO formation; however, Otx genes are not
expressed in the developing hindbrain and are therefore
likely to be dispensable for area postrema formation.

Similar to the Otx genes, Pax genes play multiple roles in
neurodevelopment, and Pax6 in particular is broadly
expressed throughout the developing forebrain (Georgala
et al. 2011). Pituitary cell type specification is affected in
Pax6 mutant mice (Bentley et al. 1999; Kioussi et al. 1999);
however, the expression of Pax6 seems to be stronger in
the adenohypophyseal placode than in the neurohypoph-
ysis, suggesting that it may be the non-neural part of the
pituitary gland that is affected in such mutants (Sjodal &
Gunhaga, 2008). Pax6 plays a key role in the earliest steps
of pineal organ induction: Pax6 mutant mice and zebrafish
fail to form a pineal evagination, and the pineal gland is
absent in human patients with PAX6 mutations (Estivill-Tor-
rus et al. 2001; Mitchell et al. 2003; Chatterjee et al. 2014).
The central importance of this gene’s function in pinealoge-
nesis has been interpreted as strong evidence for the simi-
larity between pinealocyte and retinal photoreceptor
specification, and indeed the sequence of expression of
transcriptional regulators in pinealocytes and in the retina
is virtually exchangeable (Rath et al. 2013). The Pax6-related
gene Pax4 is also found in the developing pineal organ,
although at later stages (Rath et al. 2009) and Pax6 is
required for SCO formation (Estivill-Torrus et al. 2001). As
mentioned above, expression of Pax2 is found in the SFO,
but its specific role in this CVO has not yet been addressed
(Fotaki et al. 2008). No Pax gene expression has been
described in the area postrema.

Three of the CVOs develop from the roof of the dien-
cephalon: the pineal organ, SCO and SFO. BMPs are key sig-
nals in this area, and their effects are relayed by
homedomain transcription factors of the Msx family. Dis-
ruption of Msx7 in mouse embryos leads to a general loss
of dorsal midline strcutures and, subsequently, of the pineal
organ and SCO (Bach et al. 2003; Fernandez-Llebrez et al.
2004). The other tissue originating within this region is the
choroid plexus epithelium of the third ventricle. Due to its
selective barrier properties, the choroid plexus is sometimes

regarded as a CVO in its own right (see next section). This
could indicate that the entire roof of the third ventricle is a
common CVO progenitor domain.

Finally, neuronal subtype specification in many subdivi-
sions of the neural tube is known to be regulated by a
‘code’ of LIM homeobox gene expression, for example in
the spinal cord, where different combinations of LIM factors
specify different subtypes of motor neurons (Shirasaki &
Pfaff, 2002). LIM genes also play a role in the developing
pituitary gland: Lhx3 and Lhx4 cooperate in Rathke’s pouch
formation (Sheng et al. 1997) and Lhx2 is required for the
formation of the neurohypophysis (Zhao et al. 2010). The
neurohypophysis defects in Lhx2 mutants lead to a disor-
ganised anterior lobe, consistent with the suggested role of
the neurohypophysis as an organiser of pituitary morpho-
genesis. Lhx3 is also expressed in the pineal organ of zebra-
fish and chick embryos and Lhx4 has been detected in the
pineal organ of the rat, but their respective roles in pinealo-
genesis have not yet been determined (Glasgow et al. 1997;
Zhang et al. 2006; Bailey et al. 2009). However, the pineal
organ is severely hypoplastic in mice lacking Lhx9, a paralog
of Lhx2 that is highly expressed in pineal progenitors
(Yamazaki et al. 2015). Lhx gene expression has not system-
atically been analysed in any of the other CVOs; however,
the observation that Lhx9 mutant mice have a high inci-
dence of hydrocephalus could suggest that the SCO is also
affected in such mice (Yamazaki et al. 2015).

Taken together, there is considerable overlap between
sets of transcriptional regulators that are expressed in devel-
oping CVOs; however, most of these factors are also
expressed in many other subdivisions of the neural tube,
and no transcriptional regulator that is expressed in all
CVOs — a ‘'master regulator’ of CVO formation — has been
identified. Although a comprehensive atlas of gene expres-
sion in the CVOs remains to be compiled, the current litera-
ture does not suggest a common ‘transcriptional signature’
that is a unifying characteristic of all CVOs.

Later specialisations of CVOs

Despite divergent embryonic origins and transcriptional sig-
natures, all CVOs develop specific common characteristics at
later stages of embryogenesis. For example, their capillaries
are more permeable due to fenestrations and discontinuous
tight junctions (Wilhelm et al. 2016). The glucose trans-
porter GLUT1, the BBB markers Cadherin-10 and EBA (en-
dothelial barrier antigen), the transferrin receptor as well as
tight junction proteins such as Claudin-5 and Zona Occlu-
dens-1 are specifically downregulated in microvessels that
infiltrate CVOs (Zeller et al. 1996; Williams et al. 2005;
Jeong et al. 2008a; Norsted et al. 2008; Maolood & Meister,
2009; Morita et al. 2016). At the same time, several aqua-
porins (AQPs) are upregulated in CVOs (Nico et al. 2001;
Goren et al. 2006; Wilson et al. 2010), and the pathological
expression of AQP4 autoantibodies has been identified as a
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cause of neuromyelitis optica, an inflammatory autoim-
mune disease that also affects CVOs, resulting in intractable
nausea and vomiting (Lennon et al. 2005; Matiello et al.
2007).

CVOs tend to be highly vascularised by local plexi, pre-
sumably to facilitate the exchange of hormones and other
substances between the bloodstream and neural tissue. In
the case of the neurohypophysis, FGF3 and FGF10 have
been demonstrated to promote vascularisation (Liu et al.
2013). Whether this role of FGFs is conserved in other CVOs
remains to be determined. Various developmental sig-
nalling pathways are involved in vasculogenesis, and a sys-
tematic analysis of whether and how these have been
modified in developing CVOs could help establish the
mechanisms that distinguish CVOs from other parts of the
brain (Roca & Adams, 2007; Mancuso et al. 2008; Adams &
Eichmann, 2010; Liebner & Plate, 2010). Recently vascularisa-
tion in the pars tuberalis of the median eminence was
shown to be modulated in a circannual fashion through
melatonin-regulated differential splicing of vascular
endothelial growth factor (Castle-Miller et al. 2017). This
fascinating study suggests that CVOs remain dynamic struc-
tures throughout life.

Sometimes considered a CVO in its own right (Joly et al.
2007), the choroid plexus (the tissue that produces the cere-
brospinal fluid) shares some of the features of the CVOs dis-
cussed here: it is highly vascularised, its vessels are leaky and
lack a BBB, its epithelial cells create a barrier between blood
and cerebrospinal fluid, and dedicated water channels such
as AQP1 are upregulated there (Wilson et al. 2010; Wol-
burg & Paulus, 2010).

Most CVOs — with the exception of the evaginating neu-
rohypophysis and pineal organ — are lined with specialised
ependymal cells called tanycytes that may serve as a selec-
tive barrier between the blood circulation and the cere-
brospinal fluid and that contact both neurons and blood
vessels via long, slender processes (Langlet et al. 2013). Very
little is known about the earliest steps in the specification
of tanycytes, but the finding that they form a resident stem
cell population in the adult brain is likely to ensure contin-
ued interest in their cell biology (Xu et al. 2005; Robins
et al. 2013; Rizzoti & Lovell-Badge, 2017). Other ependymal
cells in CVOs are often flattened with a squamous appear-
ance, some of them lack cilia, and many display microvilli
(e.g. Mark & Farmer, 1984).

CVOs in evolution

So far, | have reviewed our knowledge of the genetic mech-
anisms that regulate the formation of CVOs during embryo-
genesis (ontogenetically). | will conclude this review with a
brief survey of research on the evolutionary (phylogenetic)
origins of the CVOs.

CVOs can be incredibly diverse even between closely
related phyla. In a true tour de force, Tsuneki (1986)
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compared 17 potential CVOs between 31 vertebrate species.
The neurohypophysis, median eminence and SCO were
found in all species examined, and a pineal organ was pre-
sent in most species, with the exception of hagfish and cai-
mans, leading to the conclusion that these four are likely to
be the phylogenetically oldest CVOs. An SCO equivalent,
producing a Reissner’s fibre, has even been identified in
cephalochordates (Guerra et al. 2015). This apparent evolu-
tionary conservation is somewhat surprising, given how lit-
tle we understand of the biological role of the SCO.
Notably, a SCO-spondin orthologue has been found in
echinoderms, one of the deuterostome clades that is most
distantly related to the vertebrates. This could indicate that
the SCO has an even deeper origin somewhere close to the
base of the deuterostome superphylum, or that the SCO-
spondin gene preceded the emergence of a chordate-like
proper SCO gland (Meiniel et al. 2008). Interestingly, the
SCO is also frequently described as one of the first structures
in the brain to differentiate (Schoebitz et al. 1986).

The co-conservation of neurohypophysis and median emi-
nence supports the view that they form a functional unit. It
has been suggested that the arcuate nucleus of the
hypothalamus and the median eminence also form a func-
tional complex (Yi et al. 2006), and the paraventricular
hypothalamic nucleus which is tightly connected with the
neurohypophysis displays CVO-like characteristics (Joly et al.
2007). In view of the interconnectedness of these structures
as well as their common developmental origin from one
progenitor domain, it may make sense to regard this entire
region as one complex CVO, rather than a mosaic of multi-
ple smaller CVOs and nuclei.

In amphioxus, a lobe extends asymmetrically from the
ventral brain to contact Hatschek’s pit (the ‘pre-oral organ’),
the putative homologue of the vertebrate adenohypophysis
(Gorbman et al. 1999), and the amphioxus orthologue of
the pituitary marker gene Pit1 is expressed there (Candiani
& Pestarino, 1998). Although there is no evidence for a mor-
phologically distinct pituitary gland in echinoderms, the
GnRH (gonadotropin-releasing hormone) signalling system
is present in both sea urchins and starfish (Zandawala et al.
2017), and GnRH induces spawning in hemichordates and
even in molluscs, indicating that the evolution of at least
some pituitary hormones preceded the emergence of the
actual pituitary gland (Gorbman et al. 2003). Cells with
both sensory and neurosecretory properties that express
orthologues of markers of the ventral vertebrate forebrain
were found in the brain of the annelid Platynereis dumerilii,
a marine worm (Tessmar-Raible et al. 2007). It is conceivable
that the emergence of these cell types provided the basis
for the formation of neurosecretory signalling centres such
as the neurohypophysis/median eminence in the vertebrate
brain.

The pineal organ is particularly remarkable from an evo-
lutionary perspective. In most vertebrates it is a photosen-
sory organ, but this function has been lost in mammals,



548 Origins of circumventricular organs, C. Kiecker

where the pineal organ is purely secretory. In anamniotes
the pineal organ is often associated with accessory organs
such as the parapineal organ of lampreys and fish, the fron-
tal organ of some amphibians and the parietal eye of
lizards and tuataras (Ekstrom & Meissl, 2003; Mano &
Fukada, 2007). The skulls of many of these species display
foramina that allow their pineal/parapineal organs to
directly receive ambient light. The evolutionary transforma-
tion of the pineal organ from a photosensor to a secretory
gland is mirrored by a regression of its principal cell type,
the pinealocyte, from a typical retina-like photoreceptor
with a primary cilium that has been modified into an outer
segment to a non-photoreceptive pinealocyte with an ordi-
nary, small primary cilium (Ekstrom & Meissl, 2003; Mano &
Fukada, 2007).

The presumed homologue of the pineal organ in
amphioxus is called the lamellar organ. Like the vertebrate
pineal organ, the lamellar body expresses the amphioxus
orthologue of pax6 and the LIM homeobox gene islet?
(Glardon et al. 1998; Jackman et al. 2000). The pineal organ
seems to have been lost in hagfish, crocodilians and in some
tropical mammals (but these clades still have melatonin-pro-
ducing pinealocyte-like cells in other regions of their
brains), whereas some polar mammals have disproportion-
aly large pineal glands (Ralph, 1975; Vollrath, 1979; Ekstrom
& Meissl, 2003). Taken together these observations indicate
that the pineal organ is highly variable, suggesting the
absence of a strong selective pressure favouring its mainte-
nance and morphological conservation.

The key function of the pineal organ is the secretion of
melatonin. However, melatonin is an ancient molecule that
is found even in photosynthetically active cyanobacteria,
where its most likely role is to serve as a free radical scav-
enger and antioxidant (Manchester et al. 2015). The key
enzyme for melatonin biosynthesis is arylalkylamine N-acet-
yltransferase (AANAT), of which there are two classes: verte-
brate AANATs and non-vertebrate AANATSs that are found
in fungi and protists (Vetting et al. 2005; Coon & Klein,
2006). Interestingly, all seven aanat genes in the amphioxus
genome have non-vertebrate characteristics and urochor-
dates also lack vertebrate-like aanats (Pavlicek et al. 2010).
By contrast, agnathans possess vertebrate-type aanat genes,
suggesting that a major transition about 500 mio years ago,
possibly based on a duplication of the ancient aanat gene,
led to a cooption of the melatonin system for the regula-
tion of diurnal rhythmicity (Falcon et al. 2014). However, a
recent study revealed that in the protostome Platynereis,
melatonin is produced in opsin-containing photoreceptor
cells in the brain and that it regulates diurnally cyclical
swimming behaviour (Tosches et al. 2014). This spectacular
finding suggests that the role of melatonin in governing cir-
cadian rhythms is more ancient than previously assumed.

The SFO and area postrema seem less conserved than the
SCO, neurohypophyseal system and pineal organ, and a
number of non-mammalian CVOs have been found in other

species such as the lateral septal organ in birds and the
saccus vasculosus (SV) in fish (Kuenzel & van Tienhoven,
1982; Tsuneki, 1986; Bardet et al. 2006; Sueiro et al. 2007).
Thus, it appears that CVOs have emerged multiple times
independently and many of them have undergone signifi-
cant modifications throughout evolution. The SV has
recently been identified as the functional equivalent of the
amniote pituitary gland pars tuberalis in fish, as it regulates
seasonal changes in reproductive behaviour (Nakane et al.
2013). Surprisingly little overlap in the expression of devel-
opmental regulator genes was found between the anlagen
of the SV and pituitary gland of trout embryos, underlining
the distinct origins of these two structures. However, vari-
ous pituitary marker genes such as Lhx3 and Pit-1 become
expressed in the adult SV, suggesting that they may be
required for functional differentiation rather than embry-
onic specification (Maeda et al. 2015).

Conclusions

This review of the mechanisms that underlie the develop-
ment of the CVOs and their evolution demonstrates that
CVOs are a highly diverse group of neuroepithelial speciali-
sations that are characterised by similarities in function
rather than common genetic programmes. Progenitors of
CVOs are induced by signals that regulate global patterning
in the developing neural plate and neural tube, according
to their relative position in a quasi-Cartesian coordinate sys-
tem that is established by local signalling centres (Kiecker &
Lumsden, 2012; Puelles & Rubenstein, 2015). For example,
the neurohypophysis/median eminence depends on SHH
signalling from the prechordal plate, and progenitors of
the pineal organ are positioned along the neural plate bor-
der by a specific level of WNT, a factor that is also involved
in patterning the rest of the forebrain.

Despite considerable overlap in the expression of groups
of transcription factors between different CVOs, no single
‘master regulator’ or unique ‘transcriptional signature’ of
CVO development has been identified. In the case of the
pineal organ, the temporal sequence of homeobox gene
expression is more similar to that of the developing retina
than that of other CVOs. Of course, we cannot rule out that
a common transcriptional profile of CVO development
remains to be identified, and a systematic comparison of
their transcriptomes is pending, but the currently available
data suggest a lack of a ‘common genetic denominator’.

Nevertheless, it is obvious that there are striking similari-
ties between CVOs with regard to their cell biology. Thus, a
search for common regulators of the differentiation of
these later features — such as the lack of a BBB, the emer-
gence of tanycytes and/or the high degree of vascularisa-
tion — might prove more successful in identifying
overlapping genetic mechanisms in the future. Another
underlying similarity is that CVOs develop in places where
neural and non-neural ectoderm interact: area postrema,
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OVLT, pineal organ, SCO and SFO progenitors are induced
along the border of the neural plate and the neurohy-
pophyseal complex interacts with the non-neural ectoderm
of the adenohypophyseal placode (Figs 1B and 2). Of
course, this may simply be a consequence of their role as
interfaces between the brain and the periphery, but a
detailed analysis of the cell lineages that contribute to the
CVOs will be an important future avenue of research in this
area.

Thus, although embryologists and developmental neuro-
biologists have started to piece together the puzzle of CVO
development, many questions remain unanswered: the
embryonic origins of the area postrema, OVLT, SCO and
SFO are fairly enigmatic and the genetic networks regulat-
ing their development remain uncharted territory.
Undoubtedly, more research is required to further our
understanding of the formation of these important struc-
tures that link the brain with the blood circulation and the
cerebrospinal fluid, thereby integrating homeostatic and
adaptive mechanisms. During this enterprise, it will be
important to keep in mind that, at least for the time being,
‘CVO’ is a purely functional definition that describes a
heterogeneous group of neuroepithelial specialisations. Dif-
ferent CVOs have most probably emerged independently in
evolution, and their similarities are a likely result of homo-
plasy rather than genetic relatedness.
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